Listeria monocytogenes is an intracytosolic bacterial pathogen. Among the factors contributing to escape from vacuoles are a phosphatidylcholine phospholipase C (PC-PLC) and a metalloprotease (Mpl). Both enzymes are translocated across the bacterial membrane as inactive proproteins, whose propeptides serve in part to maintain them in association with the bacterium. We have shown that PC-PLC maturation is regulated by Mpl and pH and that Mpl maturation occurs by autocatalysis. In this study, we tested the hypothesis that Mpl activity is pH regulated. To synchronize the effect of pH on bacteria, the cytosolic pH of infected cells was manipulated immediately after radiolabeling de novo-synthesized bacterial proteins. Immunoprecipitation of secreted Mpl from host cell lysates revealed the presence of the propeptide and catalytic domain in samples treated at pH 6.5 but not at pH 7.3. The zymogen was present in small amounts under all conditions. Since proteases often remain associated with their respective propeptide following autocatalysis, we aimed at determining whether pH regulates autocatalysis or secretion of the processed enzyme. For this purpose, we used an Mpl construct that contains a Flag tag at the N terminus of its catalytic domain and antibodies that can distinguish N-terminal and non-N-terminal Flag. By fluorescence microscopy, we observed the Mpl zymogen associated with the bacterium at physiological pH but not following acidification. Mature Mpl was not detected in association with the bacterium at either pH. Using purified proteins, we determined that processing of the PC-PLC propeptide by mature Mpl is also pH sensitive. These results indicate that pH regulates the activity of Mpl on itself and on PC-PLC.
Zymogen autocatalysis is a highly controlled step to prevent premature activation of a protease. There are several known mechanisms by which autocatalysis can be regulated. Autocatalysis can be triggered by the binding of specific molecules. This has been observed for the maturation of the Vibrio cholerae multifunctional autoprocessing RTX toxin, where the binding of inositol hexakisphosphate in the host cytosol induces autocatalysis (27) . Maturation of matrix metalloproteases is regulated by a cysteine switch mechanism, where the thiol group of a propeptide's cysteine residue interacts with the coordinated Zn 2ϩ ion, thereby inhibiting protease activity (28, 36) . In order for maturation to occur, the Zn 2ϩ -thiol interaction must be disrupted either by thiol reduction or by perturbation of the zymogen conformation. Intramolecular autocatalysis has also been shown to be regulated by pH for several proteases, with examples including the serine protease furin (1, 5) and members of the cathepsin family of cysteine proteases (15) . GPR, an aspartic acid protease responsible for degrading spore proteins into amino acids during germination in Bacillus spp., also matures in a pH-dependent manner (14) .
In this study, we investigated how Mpl activity is regulated during intracellular infection. Given that the maturation and secretion of PC-PLC require both Mpl and a decrease in pH, we hypothesized that Mpl activity is pH regulated and that Mpl autocatalysis is the pH-limiting step observed for PC-PLC maturation. Our results indicated that Mpl maturation and compartmentalization are regulated by pH. At physiological pH, the Mpl zymogen remains primarily bacterium associated. Upon a decrease in pH, autocatalysis occurs, leading to secretion of the Mpl propeptide and catalytic domain across the bacterial cell wall. Moreover, proteolytic maturation of PC-PLC by mature Mpl occurs only at acidic pH. Taken together, these results suggest that pH regulates the enzymatic activity of Mpl both on itself and on a heterologous substrate.
MATERIALS AND METHODS
Bacterial strains and cell cultures. All L. monocytogenes strains and their relevant genotypes used in this study are listed in Table 1 . L. monocytogenes strains were grown in brain heart infusion (BHI) medium. For Western immunoblotting assays, L. monocytogenes was grown in Luria-Bertani (LB) broth supplemented with 50 mM morpholinepropanesulfonic acid (MOPS) adjusted to pH 7.3, 0.2% (wt/vol) activated charcoal, and 20 mM glucose (LB-MOPS-Glc). Escherichia coli DH5␣ and L. monocytogenes strains harboring pKSV7-derived plasmids were cultured in LB broth supplemented with ampicillin (100 g/ml) or BHI supplemented with chloramphenicol (10 g/ml), respectively. E. coli harboring a ppSUMO-derived plasmid was cultured in LB supplemented with kanamycin (30 g/ml). J774 mouse macrophage-like cells were maintained in Dulbecco's modified Eagle medium (DMEM) (Mediatech) with 7.5% (vol/vol) fetal bovine serum and 2 mM L-glutamine. Human epithelial HeLa cells were maintained in RPMI 1640 (Mediatech) with 7.5% (vol/vol) fetal bovine serum and 2 mM L-glutamine. All tissue culture cells were incubated in a 37°C, 5% CO 2 environment.
Construction of Flag-tagged Mpl. Splicing by overlapping extension PCR (SOEing PCR) (13) was used to add a Flag tag between the propeptide and the N terminus of the Mpl catalytic domain (Mpl-Flag N-cat ). PCR fragments amplifying the 3Ј end of the Mpl propeptide and the 5Ј end of the catalytic domain were generated with primer pairs Marq328/Marq487 and Marq488/Marq387 (Table 2) , respectively, using 10403S genomic DNA as the template. The respective 560-bp and 384-bp PCR products were used in a SOEing PCR with primers Marq328/Marq387. The 920-bp product was then digested with PstI and EcoRI and ligated into the shuttle vector pKSV7 (33) , thus generating pHM969 (Table  1 ). pHM969 was sequenced and then electroporated into L. monocytogenes strain NF-L943 for allelic exchange (4), generating HEL-981 (Table 1) . Allelic exchange was verified by sequencing chloramphenicol-sensitive colonies.
Addition of a Flag tag to the N terminus of the Mpl propeptide (Mpl-Flag N-pro ) was generated by SOEing PCR. Primer pairs Marq289/Marq542 and Marq541/ Marq288 (Table 2) were used to amplify the upstream region and a portion of the Mpl prodomain, respectively, using 10403S genomic DNA as the template. In addition to introducing the Flag sequence, Marq541 and Marq542 introduce a silent serine mutation, resulting in an alteration of the HinfI restriction digest pattern. The 547-bp and 517-bp PCR products were used in a SOEing PCR using primers Marq288/Marq289. The 1,040-bp product was digested with PstI and SacI and ligated into pKSV7, thus generating pBMF1081 (Table 1 ). pBMF1081 was sequenced and then electroporated into HEL-587, an NF-L943 background L. monocytogenes strain expressing a catalytic mutant of Mpl (Mpl E350Q) (3), generating HEL-1084 (Table 1) . Allelic exchange was verified by screening for chloramphenicol sensitivity and for an altered HinfI restriction pattern.
Mpl-Flag C-cat and Mpl E350Q-Flag C-cat were described in a previous publication (3) . In this publication, these proteins were identified as Mpl-Flag and Mpl E350Q-Flag. Either protein is synthesized as a zymogen with a Flag tag at the C terminus of the catalytic domain. Mpl-Flag C-cat undergoes autocatalysis upon a decrease in pH, similarly to wild-type Mpl, whereas Mpl E350Q-Flag C-cat does not have autocatalytic activity.
Construction of internal in-frame deletion mutants. Deletions of the genes encoding listeriolysin O (hly), PC-PLC (plcB), and internalins A and B (inlAB) were made sequentially by allelic exchange in NF-L943 strains expressing wildtype Mpl Flag C-cat (HEL-798) or Mpl E350Q-Flag C-cat (HEL-800) using plasmids pDP-2154 (16), pDP-1888 (32), and pHK2 (17) , respectively, to generate HEL-971 and HEL-982 (Table 1) . Chloramphenicol-sensitive colonies were selected. The hly deletion was verified by loss of hemolysis on blood agar plates (25) . Deletion of plcB was verified by the loss of PC-PLC activity on egg yolk agar plates (39) . Deletion of inlAB was confirmed by PCR using primers Marq41 (17) and Marq494 ( Table 2 ). Deletion of inlA was further verified by Western immunoblotting assay (34) .
Metabolic labeling and immunoprecipitation assays. Metabolic labeling of proteins synthesized by intracellular bacteria and immunoprecipitation assays (24) . Samples were resolved by SDS-PAGE and detected by autoradiography. For each experiment, the amount of sample loaded on the gel was normalized to the number of intracellular bacteria recovered in parallel dishes.
Western immunoblotting assays. Western immunoblotting assays for detecting Mpl constructs were performed as described previously (24) . Briefly, L. monocytogenes strains were grown in LB-MOPS-Glc to a final optical density at 600 nm (OD 600 ) of ϳ1. Although the medium was buffered, its pH acidified over time due to bacterial metabolism. The equivalent of 1 ml of culture supernatant at an OD 600 of 1 was precipitated with trichloroacetic acid, resolved by SDS-PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane by semidry electroblotting. Rabbit immune serum against Mpl was used at a 1/1,000 dilution, while mouse monoclonal anti-Flag M1 and M2 antibodies (Sigma-Aldrich) were used at concentrations of 9 ng/ml and 2 ng/ml, respectively. Alkaline phosphatase-conjugated goat anti-rabbit IgG (24 ng/ml) or goat anti-mouse IgG (600 ng/ml) (Jackson ImmunoResearch Laboratories, Inc.) was used as secondary antibody, and nitroblue tetrazolium (0.33 mg/ml) and 5-bromo-4-chloro-3-indolylphosphate (0.17 mg/ml) were used as substrates. All antibody incubations and washes for the anti-Flag M1 immunoblotting assay were done in the presence of 1 mM CaCl 2 .
Immunofluorescent staining of Mpl. Bacterium-associated Mpl-Flag was detected by immunofluorescence, as described previously with modification (24) . HeLa cells infected with L. monocytogenes were incubated in a potassium-based buffer equilibrated to either pH 7.3 or pH 6.5 supplemented with nigericin (10 M). Cells were then fixed, and the bacterial cell wall was digested with purified phage endolysin Ply118 (19) at a final concentration of 150 g/ml. To detect bacterium-associated Mpl-Flag, mouse monoclonal anti-Flag M1 (18 g/ml) or M2 (1 g/ml) was used followed by a donkey anti-mouse antibody conjugated to fluorescein isothiocyanate (FITC) (1.5 g/ml). All antibody incubations and washes with anti-Flag M1 were done in the presence of 1 mM CaCl 2 . Bisbenzimide (Hoechst 33258) was used at a concentration of 1 g/ml to detect bacteria and host nuclei.
PC-PLC purification. The proform of PC-PLC (pro-PC-PLC) was purified from E. coli BL21(DE3) cells. Primers Marq326/Marq327 (Table 2 ) were used to amplify plcB (gene encoding PC-PLC) without its signal sequence by PCR, generating an 837-bp fragment. This fragment was digested with NotI and BamHI and ligated into ppSUMO (23), a pET28a-derived vector, thus generating pHM802 ( Table 1) . As a result, plcB was cloned in frame with an N-terminal His 6 -SUMO (small ubiquitin-like modifier) tag. Sequence integrity was verified by sequencing. BL21(DE3) cells transformed with pHM802 were grown in 4 liters of Terrific Broth at 37°C, 250 rpm, to an OD 600 of ϳ0.5. The temperature was decreased to 18°C, and isopropyl-␤-D-1-thiogalactopyranoside was added to a final concentration of 0.5 mM to induce protein expression. Cultures were grown overnight at 18°C. Cells were harvested by centrifugation (7,500 ϫ g, 10 min, 4°C) and resuspended in 50 ml ice-cold buffer A (25 mM HEPES, 500 mM NaCl, 10 mM imidazole, 25% [vol/vol] glycerol, pH 10) supplemented with a cocktail of protease inhibitors (Sigma-Aldrich P8849) and 5 mM tris(2-carboxyethyl)phosphine (TCEP). Cells were lysed by sonication and centrifuged (100,000 ϫ g, 1.5 h, 4°C). Cleared supernatant was diluted 5-fold in buffer A to decrease the TCEP concentration to 1 mM. His 6 -SUMO-pro-PC-PLC was purified by affinity chromatography using a 15-ml Ni 2ϩ -nitrilotriacetic acid (NTA) column equilibrated in buffer A. The column was washed with 10 column volumes of buffer A. Affinity-bound proteins were eluted in eight 3-ml fractions with buffer B (25 mM HEPES, 500 mM NaCl, 500 mM imidazole, 25% glycerol, pH 10). Elutions were combined and passed through a buffer-exchange column equilibrated with buffer C (25 mM HEPES, 50 mM NaCl, 25% glycerol, 0.5 M urea, pH 9.5) using an Econo-Pac 10DG column (Bio-Rad). Purified His 6 -SUMO-pro-PC-PLC was treated with His 6 -ULP-1 protease at room temperature for 1 h to cleave the His 6 -SUMO tag (23) . His 6 -ULP-1 and His 6 -SUMO were removed by adding 1 ml Ni 2ϩ -NTA resin per 10 mg of protein equilibrated in buffer C, incubating the mixture for 30 min at room temperature, and pelleting the resin by centrifugation at 1,000 ϫ g for 1 min. Purified pro-PC-PLC was passed through a 0.22-m filter and loaded onto a Sephacryl 100-HR size exclusion column, using an automated AKTApurifer fast protein liquid chromatograph (FPLC) and fraction collector Frac-950 (GE Health Care) column equilibrated in buffer D (25 mM HEPES, 50 mM NaCl, 50 mM arginine, 1 mM TCEP, 0.05% [wt/vol] sodium azide, final pH ϭ 10.3). Pro-PC-PLC purification was verified by SDS-PAGE.
Mpl purification. Initial purification attempts indicated that listeriolysin O (LLO), PC-PLC, and InlB copurify with Mpl-Flag C-cat . Therefore, we chose to purify Mpl-Flag C-cat and Mpl E350Q-Flag C-cat from L. monocytogenes strains that do not express these proteins: HEL-971 and HEL-982, respectively. L. monocytogenes was grown in 500 ml of LB-MOPS-Glc to a final OD 600 of ϳ0.9. Bacterial supernatant was rapidly cooled down on ice, and the following protease inhibitors were added: phenylmethylsulfonyl fluoride (PMSF) (to 100 M), leupeptin (to 1 M), and pepstatin A (to 1 M). The culture was centrifuged (15,000 ϫ g, 10 min, 4°C), and the supernatant was collected and filtered through a 0.22-m PVDF membrane. Supernatant was reacted with 1 ml mouse anti-Flag M2 agarose resin (Sigma-Aldrich) equilibrated in 25 mM HEPES, 300 mM NaCl, 1 mM CaCl 2 , 0.1% (wt/vol) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 10 M ZnSO 4 , pH 7.3. The resin was then washed five times with 10 column volumes of the same buffer. An additional wash of 5 column volumes of the same buffer without CHAPS was then performed. Bound proteins were eluted in five 1-ml fractions with elution buffer (25 mM HEPES, 300 mM NaCl, 1 mM CaCl 2 , 10 M ZnSO 4 , 5-mg/ml 3ϫ Flag peptide, pH 7.3). Elutions were analyzed for the presence of Mpl by SDS-PAGE and by Western immunoblotting.
PC-PLC activation in vitro assay. Mpl was tested for its ability to mediate pro-PC-PLC maturation in vitro. Purified pro-PC-PLC (8.7 g/ml) and/or Mpl (15.2 g/ml) was mixed in reaction buffer equilibrated to either pH 6.0, 6.5, or 7.3 in a final volume of 250 l. Each reaction buffer consisted of 35 mM 2-(Nmorpholino)ethanesulfonic acid (MES), 7.5 mM HEPES, 65 mM NaCl, 3.7 mM CaCl 2 , 2 M ZnSO 4 , 5 mM arginine, 0.1 mM TCEP, and 0.005% (wt/vol) sodium azide. The reaction mixtures were incubated at 37°C for 4 h. The proteins were then resolved by SDS-PAGE. Following electrophoresis, the gel was washed once in double-distilled water (ddH 2 O), twice in 25% isopropanol, and three times in phosphate-buffered saline (PBS) (pH 7.1); overlaid with egg yolk soft agar (20) ; and incubated at 37°C for 4 h. PC-PLC activity was detected by the formation of a zone of opacity in the overlay. Following the appearance of PC-PLC activity, the gel was removed and stained with Coomassie brilliant blue R-250 to detect PC-PLC.
RESULTS

Mature
Mpl is secreted upon a decrease in pH during intracellular infection. The regulation of PC-PLC has been well documented using J774 mouse macrophage-like cells and has also been observed in human HeLa cells (21, 31, 34) . Since PC-PLC maturation is dependent on both a decrease in vacuolar pH and Mpl (21), we infected J774 cells to test the hypothesis that Mpl autocatalysis is the pH-limiting step observed for PC-PLC maturation. To determine whether Mpl maturation is pH dependent, we immunoprecipitated Mpl from the cleared lysates of radiolabeled infected cells incubated in a nigericin-containing potassium buffer equilibrated to either pH 7.3 or pH 6.5. These conditions mimic the pH that L. monocytogenes would experience when in the cytosol of an infected cell (physiological pH) or when entrapped in a vacuole (acidic pH). A small amount of the Mpl zymogen was secreted into the cytosol of infected cells at either pH (Fig. 1,  lanes 1 and 2) , whereas large amounts of the propeptide and mature Mpl were secreted exclusively upon a decrease in pH (Fig. 1, lane 2) . Cells were also infected with an L. monocytogenes strain expressing Mpl E350Q, an Mpl catalytic mutant that is unable to undergo autocatalysis (3). Mpl E350Q behaved like wild-type Mpl at physiological pH, but not at acidic pH, as no increase in protein secretion was observed at pH 6.5 ( Fig. 1, lanes 3 and 4) . Lastly, the absence of protein bands in the immunoprecipitates from cells infected with an Mpl-minus strain confirmed that the antibody is specific to Mpl. Results from this experiment suggest that autocatalysis and an acidic pH are necessary for the efficient secretion of Mpl across the bacterial cell wall.
pH controls Mpl autocatalysis and compartmentalization during intracellular infection. Next, we aimed to determine what species of Mpl is bacterium associated during intracellular infection. If autocatalysis and secretion of Mpl across the bacterial cell wall are pH dependent, we would expect to detect only the Mpl zymogen and not the mature form in association with the bacterium. However, if only secretion but not autocatalysis of Mpl is pH dependent, we would expect to detect both the zymogen and mature forms of Mpl in association with the bacterium. Immunoprecipitation of Mpl from bacterial lysates was not successful. Perhaps Mpl was degraded by proteases released from lysed bacteria during processing of the bacterial pellet. Therefore, we devised a new approach to detect bacterium-associated Mpl. To differentiate the Mpl zymogen from mature Mpl, we made an Mpl construct that contains a Flag tag at the Mpl cleavage site (Mpl-Flag N-cat ) ( Fig. 2A) , such that upon autocatalysis and removal of the propeptide, the Flag tag would be at the N terminus of the catalytic domain. Mpl autocatalysis can then be monitored using two commercially available monoclonal antibodies, anti-Flag M1 and anti-Flag M2. M1 recognizes only a Flag tag at the free N terminus of a tagged protein, while M2 recognizes an accessible Flag tag anywhere on the protein. Therefore, the M2 antibody should react with Mpl-Flag N-cat zymogen and mature form, whereas the M1 antibody should react exclusively with the mature form. The propeptide would not be detected by either antibody (Fig. 2A) . To confirm that the M1 and M2 antibodies were able to differentiate between the zymogen and mature form of Mpl-Flag N-cat , supernatants from broth-grown L. monocytogenes strains expressing wild-type Mpl or MplFlag N-cat were used for Western immunoblotting assays with anti-Mpl serum or M1 or M2 antibodies. Three Mpl species were detected with the anti-Mpl serum: the zymogen, the mature form, and the propeptide. Neither M1 nor M2 antibodies were able to detect wild-type Mpl (Fig. 2B, lanes 6 and 9) , as it does not contain a Flag tag. However, M2 recognized the zymogen and the mature form of Mpl-Flag N-cat , whereas M1 recognized the mature form only (Fig. 2B, lanes 7 and 10) .
Fluorescence microscopy was performed to determine which Mpl species is bacterium associated during intracellular infection. Human HeLa cells were used for these experiments because mouse monoclonal antibodies bind to the immunoglobulin Fc receptor on mouse J774 cells, independent of the specificity of the antibody. Therefore, HeLa cells were infected with strains expressing wild-type Mpl or Mpl-Flag N-cat . Four hours postinfection, infected cells were perfused for 5 min with a potassium buffer containing nigericin equilibrated to either pH 7.3 or pH 6.5. The cells were fixed and stained for the detection of Mpl-Flag with M1 or M2. Bacteria and host cell nuclei were detected using bisbenzimide. Wild-type Mpl was not detected in association with the bacterium in infected cells (Fig. 3a to h ). Mpl-Flag N-cat was detected by M2 ( Fig. 3k and  l) but not by M1 (Fig. 3i and j) at pH 7.3, suggesting that only the Mpl zymogen is bacterium associated at pH 7.3. Upon a decrease in pH, Mpl-Flag N-cat was not detected by immunofluorescence (Fig. 3m to p) .
To ensure that M1 was capable of detecting bacteriumassociated Mpl-Flag by fluorescence microscopy, we added a Flag tag to the N terminus of the propeptide of Mpl E350Q (Mpl E350Q-Flag N-pro ) (Fig. 2A) . The program PrediSi (http: //www.predisi.de/) (12) was used to ensure that addition of the Supernatants from broth-grown L. monocytogenes expressing Mpl E350Q or Mpl E350Q-Flag N-pro were used to perform Western immunoblotting assays. As expected for these catalytic mutants, the zymogen was the only Mpl species detected with the anti-Mpl serum (Fig. 2B, lanes 2 and  4) . Mpl E350Q-Flag N-pro was detected by the M1 antibody and weakly by the M2 antibody (Fig. 2B, lanes 8 and 11) . Mpl E350Q-Flag N-pro was detected in association with the bacterium by the M1 and M2 antibodies in infected HeLa cells treated with buffer at pH 7.3 or pH 6.5 ( Fig. 3q to x) . These results, taken together with the immunoprecipitation results (Fig. 1) , suggest that during intracellular infection Mpl autocatalysis and compartmentalization are controlled by pH. At physiological pH, the Mpl zymogen is bacterium associated. As the intracellular pH acidifies, Mpl undergoes autocatalysis and is secreted across the bacterial cell wall.
Secretion of Mpl across the bacterial cell wall is PC-PLC independent. Previously, it was shown that the secretion of PC-PLC across the bacterial cell wall is dependent on both a decrease in pH and Mpl (39) . Similarly, results from this study suggest that a decrease in pH leads to secretion of Mpl across the bacterial cell wall. Next, we questioned whether PC-PLC influences the compartmentalization of Mpl. To address this point, cells were infected with either a wild-type or a PC-PLCminus strain of L. monocytogenes and treated as described above with buffers at physiological or acidic pH before immunoprecipitating Mpl from host cell lysates. The mature form of Mpl and the Mpl propeptide were secreted in cells treated with an acidic pH buffer, but not in cells maintained at physiological pH, and this phenomenon was independent of the presence of PC-PLC (Fig. 4) . This result indicated that the secretion of Mpl across the cell wall is not dependent on PC-PLC. Mpl activity on PC-PLC is controlled by pH. The results reported above suggest that Mpl autocatalysis is regulated by pH. Next, we wished to determine whether Mpl activity on PC-PLC, a nonself substrate, is pH regulated as well. For this purpose, wild-type Mpl, Mpl E350Q, and PC-PLC were purified as described in Materials and Methods. Mpl proteins containing a Flag tag at the C terminus of the catalytic domain (Flag C-cat ) (3) were purified from the supernatant of L. monocytogenes broth cultures. Since pH-dependent secretion of Mpl is not absolute, there is a gradual accumulation of the zymogen in the culture supernatant. The mature form is generated and secreted as the broth begins to acidify in late exponential phase as a consequence of bacterial metabolism. The proform of PC-PLC was produced in E. coli and purified from bacterial lysates. Examination of the protein samples on Coomassie blue-stained gels indicated that the PC-PLC sample was devoid of contaminants and degradation products, while the MplFlag C-cat and Mpl E350Q-Flag C-cat samples contained some degradation products (Fig. 5A and B) . There was a band greater than 66 kDa present in both Mpl purifications. In addition, the Mpl-Flag C-cat sample contained a band that was not present in the Mpl E350Q-Flag C-cat sample (Fig. 5B, asterisk) . We identified this protein by matrix-assisted laser desorption ionization-time of flight mass spectrometry to be the heat shock protein GroEL.
To determine whether Mpl can directly mediate the proteolytic maturation of PC-PLC, the purified Mpl-Flag C-cat preparation and pro-PC-PLC were incubated together for 4 h at 37°C in a reaction buffer equilibrated to a final pH of 6.0, 6.5, or 7.3. The proteins were then resolved by SDS-PAGE, and PC-PLC activity was detected by an egg yolk overlay assay. In this assay, PC-PLC activity is identified by the presence of a zone of opacity in the egg yolk overlay. PC-PLC activity was detected in samples containing purified Mpl-Flag C-cat and pro-PC-PLC incubated in buffers at pH 6.0 and pH 6.5, but not at pH 7.3 (Fig. 5C, upper panel, lanes 2, 6, and 10 ). Controls included samples containing pro-PC-PLC (Fig. 5C, lanes 1, 5,  and 9 ), Mpl-Flag C-cat (Fig. 5C, lanes 4, 8, and 12) , or pro-PC-PLC and Mpl E350Q-Flag C-cat (Fig. 5C, lanes 3, 7, and 11) . We did not use EDTA as a control to inhibit Mpl activity in this assay because PC-PLC is also a Zn 2ϩ -dependent enzyme (9) . None of the controls showed a zone of opacity.
Once the enzymatic activity had developed in the overlay, the protein gel was recovered and stained with Coomassie brilliant blue R-250, which revealed the presence of pro-PC-PLC in the appropriate lanes (Fig. 5C , lower panel, lanes 1 to 3, 5 to 7, and 9 to 11) and of mature PC-PLC exclusively in lanes where PC-PLC activity had been detected (Fig. 5C, lower  panel, lanes 2 and 6) . These results show that Mpl directly mediates the proteolytic maturation of PC-PLC. Moreover, the 
DISCUSSION
PC-PLC and Mpl are virulence factors of L. monocytogenes that accumulate as inactive proenzymes at the bacterial membrane-cell wall interface during growth in host cells (34) . Upon cell-to-cell spread, bacteria in vacuoles experience a decrease in pH that triggers the rapid secretion of mature PC-PLC across the bacterial cell wall in an Mpl-dependent manner (21, 31) . This mechanism of regulating PC-PLC activity is imperative to the virulence of L. monocytogenes, as a propeptidedeletion mutant of PC-PLC is highly attenuated in vivo (38) . In the present study, we tested the hypothesis that Mpl maturation is the pH-limiting step for PC-PLC maturation. Previously, we determined that Mpl maturation occurs by intramolecular autocatalysis (3) . Herein, we observed that Mpl autocatalysis occurs upon a decrease in pH and correlates with the rapid secretion of mature Mpl and propeptide across the bacterial cell wall. Moreover, our data indicate that Mpl directly mediates the proteolytic maturation of PC-PLC and that this activity is also pH regulated.
The Mpl zymogen remains mostly bacterium associated at physiological pH while mature Mpl is found in host cells within minutes of a decrease in pH. This observation is in accordance with our previous result showing that when Mpl is synthesized in the absence of its propeptide, it is secreted more efficiently across the bacterial cell wall (24) . This phenomenon has also been observed for the serine protease subtilisin from Bacillus subtilis. Subtilisin precursor remains bacterium associated while mature subtilisin is found in the supernatant (26) . Our study provides further evidence that propeptides serve as a means of controlling the compartmentalization of bacterial proproteins, similarly to what has been observed for several eukaryotic proproteins (6, 10, 18) .
There is evidence that following autocatalysis, the pro and catalytic domains of metalloproteases remain associated as an autoprocessed complex that is void of enzymatic activity because the C terminus of the propeptide remains in the active site. Degradation of the propeptide by its cognate catalytic domain is essential for full activation of the protease (8) . We would argue that this mechanism of regulation does not apply to Mpl for two reasons. First, the propeptide of Mpl appears to be stable as it is detected in amounts similar to those of the mature form under conditions that lead to Mpl-mediated maturation of PC-PLC. Measuring the levels of detected Mpl from our immunoprecipitation assays revealed a ratio of 1:1.6 Ϯ 0.4 (n ϭ 17) for mature Mpl to propeptide, supporting our conclusion that the propeptide of Mpl is not degraded by its cognate catalytic domain (B. M. Forster and H. Marquis, unpublished data). Second, mature Mpl-Flag N-cat was not detected in association with the bacterium when using an antibody that specifically recognizes a free N-terminal Flag. Together, the results support a mechanism by which pH-induced autocatalysis leads to full activation of Mpl.
Since Mpl autocatalysis is controlled by pH, we wished to determine if pH regulates Mpl activity on a nonself substrate. The obvious substrate would be PC-PLC. However, the evidence for the role of Mpl in mediating the maturation of PC-PLC is only circumstantial. To address whether Mpl directly activates PC-PLC, we performed an in vitro assay with purified proteins. The results indicated that Mpl directly mediates the proteolytic maturation of PC-PLC and that, moreover, this activity is pH regulated. Mature PC-PLC and PC-PLC activity were detected at pH 6.0, and to a lesser extent at pH 6.5, but not at pH 7.3 or when pro-PC-PLC was incubated alone or with the Mpl catalytic mutant. It is very unlikely that the heat shock protein GroEL, which contaminated the wildtype Mpl preparation, would have affected the results, as GroEL is a chaperone with no known proteolytic activity. Therefore, our data indicate that Mpl directly mediates the proteolytic maturation of PC-PLC and that Mpl activity on a nonself substrate is pH sensitive. Alternatively, pH may influence the conformation of mature Mpl and pro-PC-PLC, enabling an interaction between these two proteins.
There are precedents for the observation that pH regulates the activity of a protease. For example, the serine protease furin undergoes autocatalysis once it reaches the acidic transGolgi network (1) . The autocatalysis of furin is controlled by a histidine residue in its propeptide that acts as a pH sensor to acidic environments. Upon acidification, this histidine becomes protonated and disrupts a hydrophobic pocket allowing for autocatalysis (5) . Members of the cathepsin family of cysteine proteases undergo autocatalysis in acidified lysosomes. Under acidic conditions, the propeptide of cathepsin L loses its tertiary conformation, resulting in a loss of affinity for the catalytic domain (15) . Future studies will be focused on determining how pH controls the enzymatic activity of Mpl. Mpl activity may be controlled by amino acids acting as pH sensors. pH may also induce protein conformational changes in Mpl and/or in PC-PLC to allow Mpl and PC-PLC to interact.
In conclusion, our results indicate that pH regulates the enzymatic activity and compartmentalization of Mpl and support a model (Fig. 6 ) in which the proforms of PC-PLC and Mpl accumulate at the membrane-cell wall interface when the bacteria are in an environment at physiological pH, such as in the host cell cytosol. Upon cell-to-cell spread, bacteria become confined to double membrane vacuoles that acidify, which is sensed by Mpl, leading to Mpl autocatalysis and proteolytic maturation of PC-PLC by mature Mpl. The mature proteins are rapidly secreted across the bacterial cell wall into the vacuolar environment where PC-PLC can begin hydrolyzing vacuolar membrane phospholipids, contributing to lysis of the vacuole. As for Mpl, perhaps it targets additional substrates after accessing the vacuolar environment.
